The metabolism of a typical Western diet generates 50-100 mEq of acid (H + ) per day, which must be excreted in the urine for the systemic acid-base to remain in balance. The 2 major mechanisms that are responsible for the renal elimination of daily acid under normal conditions are ammonium (NH 4 + ) excretion and titratable acidity. In the presence of systemic acidosis, ammonium excretion is intensified and becomes the crucial mechanism for the elimination of acid. The impairment in NH 4 + excretion is therefore associated with reduced acid excretion, which causes excess accumulation of acid in the body and consequently results in metabolic acidosis. Chronic kidney disease (CKD) is associated with the impairment in acid excretion and precipitation of metabolic acidosis, which has an adverse effect on the progression of CKD. Recent studies suggest that the progressive decline in renal ammonium excretion in CKD is an important determinant of the ensuing systemic metabolic acidosis and is an independent factor for predicting the worsening of kidney function. While these studies have been primarily performed in hypertensive individuals with CKD, a closer look at renal NH 4 + excretion in non-hypertensive individuals with CKD is warranted to ascertain its role in the progression of kidney disease.
Introduction
The elimination of acid (H + ) by kidney is the most crucial step in the maintenance of systemic acid-base homeostasis [1, 2] . The renal excretion of acid (H + ) is achieved by titratable acidity and ammonium (NH 4 + ) excretion, with the latter playing a critical role in acid-base balance, specifically when endogenous acid production is enhanced [3] . Metabolic acidosis is generated consequent to either enhanced production of endogenous acid or decreased excretion of acid by the kidney [4] . One major pathophysiologic state associated with metabolic acidosis is the chronic kidney disease (CKD), which is characterized by a gradual reduction in the number of functioning nephrons and impairment in acid excretion, eventually culminating in significant retention of endogenous acid [5, 6] . The total ammonium excretion begins to fall when the glomerular filtration rate (GFR) drops below 40 mL/ min (normal values are 85-120 mL/min) [1, 2] , which is a consequence of few functioning nephrons [7] . As a result, CKD leads to the retention of hydrogen ions [1, 5, 8, 9] . In addition to the fall in ammonium excretion, reduced excretion of titratable acid such as phosphoric acid also may play a role in the pathogenesis of metabolic acidosis in patients with advanced kidney disease. Progressive metabolic acidosis and acidemia can develop and are very common with advancing stages of CKD [10] .
Diet plays an important role in acid-base homeostasis, with phosphorus and sulfur content contributing to enhanced kidney acid excretion [11] . In a study by Lemann and Relman [12] , the incremental excretion of sulfate equaled enhanced net acid excretion in healthy volunteers. Likewise, a similar phenomenon is observed with phosphorus excretion in healthy individuals. In contrast, CKD patients with declining kidney function lack this ability. These patients experience diminished excretion of different substances such as phosphorus, leading to the impairment of acid excretion in the form of reduced titratable acidity. In a study by Khairallah et al. [13] , it was shown that the presence of metabolic acidosis in CKD is associated with the elevation of serum phosphate and augmented phosphaturia. The latter observation was thought to moderate the magnitude of hyperphosphatemia and help toward the worsening of metabolic acidosis in CKD. These findings do not conflict with other studies showing that with lower GFR, the net acid excretion is decreased and serum phosphorus concentration is increased. It is important to note that the presence of hyperphosphatemia can trigger the release of parathyroid hormone (PTH), which in turn may cause HCO 3 -wasting consequent to proximal renal tubular acidosis, thus contributing to the worsening of metabolic acidosis in CKD. To avoid these maladies, dietary phosphorus restriction is highly recommended in CKD. As such, foods and supplements with no or low amounts of inorganic phosphorus are recommended for those with CKD [14] .
Ammonium Generation and Excretion
Ammonia (NH 3 ) is predominantly generated from the metabolism of glutamine in the kidney through the process of ammoniagenesis. Glutamine is synthesized in the liver and transported via circulation to kidney proximal tubule, where it is taken up by specific transporters [15] . Glutamine is the major precursor of the ammonia produced during acidosis [16] [17] [18] . Data suggest that adaptation to metabolic acidosis is sustained by the induction of multiple enzymes and various transport systems, such as glutaminase and phosphoenolpyruvate carboxykinase [19] .
Thereafter, glutamine is metabolized via mitochondrial phosphate -dependent glutaminase and glutamate dehydrogenase into α-ketoglutarate. The net effect of these processes is the generation of NH 3 [20] . Under normal acid-base conditions, the glutamine nitrogen extraction by the kidney is greater than the amount of ammonia produced, thus indicating that nitrogen supplied by glutamine extraction is more than sufficient to account for ammonia production [17] .
The NH 4 + is transported along the length of the proximal tubule to the medullary thick ascending limb, where it is absorbed into the medullary interstitium primarily via the apical Na-K-2Cl cotransporter, with NH 4 + substituting for K + . The NH 4 + thus reabsorbed dissociates into NH 3 (ammonia) and H + due to the less acidic milieu. The ammonia is then secreted into the lumen of the collecting duct, where it is trapped as an ammonium ion (NH 4 + ) by H + secreted through intercalated cells via H + -ATPase (and H + /K + ATPase) [21, 22] . Collecting duct NH 4 + excretion requires the presence of Rhesus protein, RhCG, which is detected on both the apical and basolateral membranes of the majority of cells of the distal convoluted tubule and intercalated cells of the connecting tubule and collecting duct [15, 22, 23] . Under normal conditions, RhCG is the major putative ammonia transporter expressed in the human kidney, and RhBG is expressed at below detectable levels. Excretion of ammonium by the kidney results in the generation of new HCO 3 -in the proximal tubule, which is transported to the blood via the basolateral Na + :3HCO 3 -cotransporter NBC-e1 (SLC4A4) [24, 25] . Several circulating hormones or factors such as angiotensin II, aldosterone, and blood potassium level regulate ammonia generation and excretion [26] . The schematic diagrams in Figure 1 depict the generation and excretion of ammonium in kidney tubules and their impact on bicarbonate generation and acid elimination. Figure 1a illustrates the generation of NH 4 + and HCO 3 -in the kidney proximal tubule and Figure 1b shows the secretion of NH 4 + into the lumen of proximal tubule and its subsequent absorption and secretion in the thick ascending limb and medullary col-DOI: 10.1159/000481892 lecting duct, respectively. The most potent stimulator of NH 4 + generation and excretion is metabolic acidosis [17, 27] .
Metabolic Acidosis and CKD
Chronic metabolic acidosis in patients with CKD is associated with multiple adverse outcomes, including bone resorption and osteopenia [9, 28] , enhanced muscle protein catabolism [6, 29] , aggravation of secondary hyperparathyroidism [30] , endocrine disorders such as resistance to growth hormone and insulin, hypertriglyceridemia [6, 29] , hypotension, and constitutional symptoms such as malaise and weakness [5, 6] . Moreover, observational studies in patients with non-dialysis dependent CKD [31] and end-stage renal disease (ESRD) [32] have described a significant association of metabolic acidosis with higher mortality. Observational studies in patients with non-dialysis dependent CKD have found that lower serum bicarbonate concentrations, higher net endogenous acid production, high dietary acid load, and inability to excrete acid are all associated with a higher risk of progressive renal function loss [33, 34] .
The exact prevalence of metabolic acidosis in patients with CKD remains unknown. The analysis of the third annual National Health and Nutrition Examination Survey (NHANES III; 1988-1994) revealed a detectable decrease in plasma bicarbonate concentration, with GFR less than 20 mL/min [35, 36] . Previous studies suggested that approximately 300,000-400,000 individuals in the United States might have metabolic acidosis associated with CKD [36] . In a separate analysis of the NHANES database, Eustace et al. [10] estimated that ∼300,000 subjects have plasma bicarbonate concentrations less than 22 mEq/L. An analysis of published articles with reported acid-base parameters of apparently healthy individuals at different age groups [37] showed that the progression of metabolic acidosis accompanied a decline in renal function [38] . The precise prevalence of metabolic acidosis exclusively instigated by CKD remains speculative.
The role of bone as a source of buffer, contributing to both the systemic pH homeostasis and defense against acid-base disorders is well known [39] . The skeleton of an average sized adult contains about 50,000 mEq of calcium salts, predominantly in the form of calcium phosphate and to a lesser extent calcium carbonate. Because of its alkaline properties, the bone calcium phosphate is mobilized to supply phosphate buffer system to rectify the systemic acidosis in CKD or neutralize the acid-forming effects of diets. Over time, this may lead to bone demineralization, osteomalacia, and skeletal weakness.
A small but significant daily loss of bone calcium occurs in individuals with CKD during periods of stable acidosis, which returns to normal values when the acidosis is corrected [40] . Several studies have confirmed the loss of calcium carbonate from skeleton resulting in a negative calcium balance during metabolic acidosis in mammals [41, 42] . Overall, these changes were proportional to the duration of the uremia and presumably the length of acidosis [43] .
Metabolic acidosis in individuals with impaired kidney function is likely associated with exacerbation of secondary hyperparathyroidism by decreasing the sensitivity of PTH secretion in response to elevated ionized calcium [30] . These data suggest that metabolic acidosis may lead to the worsening of secondary hyperparathyroidism, since correction of metabolic acidosis improves the bone mineralization and histology in patients on maintenance hemodialysis [30] . Published studies suggest variable effects of metabolic acidosis on the parathyroid gland [44] , with PTH levels remaining unchanged in ESRD patients treated with a high dialysate bicarbonate, but significantly increasing in patients with persistent metabolic acidosis on standard dialysate bicarbonate [45] . Additionally, the combination of metabolic acidosis and elevated serum PTH levels, as detected in patients with CKD, may lead to a greater efflux of calcium from bones compared with either metabolic acidosis or hyperparathyroidism alone [46] .
Metabolic acidosis promotes an adaptive increase in ammonium excreted per nephron, which is associated with the activation of the complement system, the reninangiotensin system, and with increased renal production of endothelin-1, all of which may produce tubulointerstitial inflammation and chronic damage to the kidney [47] . The activation of renin-angiotensin system, while important for enhanced urinary acidification, may have detrimental side effects, including proteinuria [48] , renal damage, and progressive CKD [48] . Given the abovementioned consequences of metabolic acidosis, the following discussion will focus on the evaluation and treatment of metabolic acidosis in CKD.
Effect of Impaired NH 4 + Excretion on Systemic Acid-Base Balance
A recently published article in the Journal of American Society of Nephrology examined the relationship of urine ammonium excretion (uNH 4 + ) in CKD with clinical outcomes [49] . The authors evaluated data from participants in the African American Study of Kidney Disease and Hypertension trial [50] . They report a positive association between lower daily uNH 4 + and higher risk of death or progression to ESRD in African American patients with hypertensive CKD, independent of demographics, CKD severity, or the magnitude of proteinuria. In their analysis, the authors conclude that the relationship between the low uNH 4 + and progression of CKD was independent of serum bicarbonate (tCO 2 ) and acid-base status. Specifically, among individuals without acidosis, uNH 4 + excretion <20 mEq/day was associated with a higher risk of death or ESRD (36%) than those with daily uNH 4 + excretion ≥20 mEq/day. Finally, they showed that individuals with low uNH 4 + excretion had increased incidence of metabolic acidosis at 1 year, as defined by serum bicarbonate concentration of <22 mEq/L. Cumulatively, these data suggest that low daily uNH 4 + excretion portends poor prognosis in CKD individuals with regard to the development of metabolic acidosis and long-term clinical outcome.
Overall, the data are rationally presented, and the main conclusions of the manuscript are valid. We think there are several points that need to be considered in interpreting the data on the cause of altered uNH 4 + in CKD and its role in CKD outcomes.
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First, the study is limited to African Americans with hypertensive CKD and does not fully represent all CKD patients, therefore further investigations would be needed to elaborate the impact of urinary ammonium excretion on CKD progression across gender and race and other variables, such as blood pressure.
Second, a significant portion of individuals in the study (∼40%) received either an angiotensin converting enzyme inhibitor (ACEI) or an angiotensin receptor blocker (ARB), which may complicate the interpretation of the data. Previous studies have shown that angiotensin II stimulates ammonia production and transport by the proximal tubule [51] [52] [53] . While the proportion of individuals receiving ACEI or ARB was comparable in all 3 groups with altered ammonium excretion rates (∼40%), the possibility exist that those with the lowest uNH 4 + excretion were either on higher doses or were the most sensitive to the effect of ACEI or ARB for the control of their blood pressure, and therefore may have been affected the most with respect to uNH 4 + . Two other variables, gender and the amount of protein intake, may have affected uNH 4 + , albeit in the opposite direction. The group with uNH 4 + excretion ≥20 mEq/day had the largest daily protein intake and was predominantly men; both variables are associated with increased uNH 4 + excretion. While the authors indicate that the correlation of low uNH 4 + with the incident acidosis is independent of gender and amount of protein consumption, it should be noted that higher protein intake is associated with increased urine output due to enhanced NH 4 + production and the downregulation of AQP2 [54] [55] [56] . We have not been provided with the urine osmolality or the urine pH in the 3 different categories of uNH 4 + . Did the group with low uNH 4 + have a more concentrated urine and/or more acidic urine? Or was the urine pH more alkaline in the group with the lowest uNH 4 + ? Further, no data are provided on serum calcium or urine calcium excretion, which is increased due to enhanced bone turnover in individuals on a high protein diet and may play a role in antagonizing the action of AQP-2, ENaC and/or H + -ATPase.
It is more than several decades since Giovannetti and Maggiore proposed the use of a very low-protein (0.3-0.4 g/kg/day) diet supplemented with essential amino acids for the management of advanced CKD [57] . Initially, the low intake of proteins was used to reduce uremic symptoms, including the generation of metabolic acidosis. The low-protein diet was largely abandoned due to multiple factors [58] . In one study, Kopple and Coburn [58] showed that the mean nitrogen balance was negative with a low-protein diet and neutral or positive with a highprotein diet. Potassium balance correlated directly with nitrogen balance, and the mean body weight increased with a higher protein diet. Moreover, with the higher protein diet, the added nitrogen was retained in a non-urea form, suggesting that a high-protein diet is nutritionally superior to a low-protein diet [58] . The Modification of Diet in Renal Disease study was the largest randomized clinical trial to test the hypothesis that protein restriction slows the progression of chronic renal disease. However, the results of that study and other trials have been inconclusive [59] with regard to the efficacy of this intervention. Since then, there have been multiple studies discussing the beneficial effect of low protein intake, however the data remain unsatisfying.
It is puzzling that while the generation of metabolic acidosis in the current study is associated with a lower protein intake (consistent with reduced NH 4 + generation in the gut and low uNH 4 + ), the individuals on low-protein diet in earlier studies showed remarkable resilience to the development of acidosis. This issue raises a more fundamental question: Are we selecting a subgroup of patients that exhibit a more progressive decline in their kidney function due to factors such as increased interstitial fibrosis etc., which can also interfere with NH 4 + synthesis and excretion? In other words, does the low uNH4 + in the current study [2] simply reflect a more aggressive underlying kidney disease?
Lastly, the validity of NEAP as a marker of net endogenous acid production in individuals with CKD should be reevaluated. The original studies on NEAP were conducted on individuals with normal kidney function. As described, the concentration of blood glutamine, which is synthesized in the liver and competes with urea for the utilization of NH 4 + /NH 3 , changes during acidosis (and may be in CKD). Additional studies examining NEAP measurement in individuals with advanced kidney dysfunction are warranted.
Conclusion
Metabolic acidosis is associated with multiple undesirable outcomes in CKD, including accelerated progression to ESRD. Assessing urine ammonium excretion may provide important predictive values in the evaluation and management of metabolic acidosis. The majority of studies correlating the low urinary NH 4 + excretion with the development and/or severity of metabolic acidosis are in subjects with normal kidney function or mild kidney dys- function, such as renal tubular acidosis. There are few studies examining the association of low urinary NH 4 + excretion with metabolic acidosis in CKD. A recently published study has suggested significant relationship with lower daily uNH 4 + and higher risk of death or progression to ESRD in African American patients with hypertensive CKD [32] . We agree with the premise of that study that preemptive treatment of patients with CKD and reduced uNH4 + with alkali therapy may afford beneficial long-term protective effects against the progression to ESRD. We suggest that chemistry laboratories and hospitals around the country should consider establishing tests to directly measure uNH 4 + rather than relying on physicians' estimation of urine NH 4 + excretion based on the urinary anion gap or osmolal gap calculation.
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